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SYNOPSIS
This report describes the fatigue tests of nine large-size,
welded plate girders. The purpose of the tests was to examine the
fatigue behavior of thin-web girders, particularly the webs, for
the formulation of design recommendations.
The girders were subjected to loading conditions of high shear,
pure bending, and their combination. Maximum applied loads were
at a level comparable to practical magnitudes. Three failure modes
existed, corresponding to the three loading conditions. The web
membrane stresses were found to be agreeable with the predictions
I
of the beam theory. Along the flanges, the secondary bending
stresses in the thin webs correlated well with the locations and
the number of cycles at the first observation of the cracks.
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1. INTRODUCTION
1.1 Background
Prior to 1961, the design of plate girder webs under a static
loading was largely governed by web slenderness ratios. These
slenderness ratios were established on the basis of the linear
buckling theory in which the attainment of a critical stress was
interpreted as the limit of the structural usefulness of the web.
Large scale girder tests under static loading Cl ) revealted that
this theory could be overly conservative when used as a measure of
girder strength. Analytical studies(2,3,4) explained the differ-
ences between the buckling theory and the load-carrying capacities
as a result of the ability of a web to redistribute its stresses
to its bounding members. These studies led the way toward a
re-examination of the then current design practice and resulted in
a relaxation of the stringent requirements of the web buckling
theory.(5)
A logical extension of the revised design method would be into
the realm of girders subjected to fatigue loads. Could the method
be applied directly to girders under fatigue loading with utili-
zation of a factor of safety somewhat higher than that used in
static applications?
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1.2 Purpose & Scope
In 1960 work was launched at Lehigh University to study the
fatigue of thin-web, welded plate girders. One of its goals was
to answer the question posed in the previous paragraph. In
addition, the investigators were charged with broadly investigating
the fatigue behavior of thin-web girders including the effect of
the lateral web deflections for the formulation of design recom-
mendations.
To accomplish these tasks, fatigue tests on nine large-size
thin-web girders were conducted. Five girders were loaded with
high shear, two were primarily under pure bending, and the remain-
ing two had combined bending and shear stresses of significant
magnitudes. Panel aspect ratios were varied whereas web slenderness
ratios were kept uniformly high in order to expedite the formation
of fatigue cracks in the girder webs. Extensive lateral web
deflection data were taken and selected web panels were heavily
instrumented to obtain web stresses. The description and testing
of these nine specimens, as well as the results of the web
derlection and strain measurements, constitute the body of this
report.
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2. Specimens & Test Setup
2.1 Design Considerations & Description of Specimens
All nine specimens were.designed according to maximum
strength procedures(2,3,4) and loading equipment limitations.
The five Ttshear Tt girders, designated Fl through F5 (Figs. 1 and
?), had their static load carrying capacities determined by
panels which would fail in a shear mode. The static strengths
of the TtbendingTt girders, F6 and F7 (Fig. 3), and those of the
Ttcombined bending and shear Tt girders, F8 and F9 (Fig. 3), were
likewise controlled by panels which would fail by pure bending
or combined bending and shear, respectively. The equipment was
limited to applying two 110 kip loads and the loading point move-
ments at the maximum load range had to be within the allowable
stroke of approximately four~tenths of an inch. Loading point
movements included the contributions of girder elastic
deflections, support settlements, and loading frame elastic
distortions,
In order to be able to compare the results of this fatigue
series with a previous static test series,(l) the web depth of
all girders were kept at fifty inches. This condition, coupled
with the failure mode consideration and the equipment limitations,
defined the lengths of the specimens. Thus, the shear, bending,
and combined bending and shear girders were forty-one, thirty-one,
and twenty-nine feet long, respectively. To aid in controlling
303.10
girder deflections as well as confining fatigue cracks within
selected panels, the shear and the bending girders had end
sections with webs thicker than those of the center sections
(Figs. 1, 2, and 3). In addition, girder deflections in the
shear group were further controlled by using more substantial
flanges at the supports. After some undesirable experience in
-4
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the first two shear girders with coverplates, these were avoided
in all subsequent girders.
Whereas the shear and the bending girders had symmetrical
cross sections, girders F8 and F9 contained Qnsymmetrical profiles
(Fig. 3). With the equipment loading and deflection limitations,
the neutral axis had to be shifted toward the tension flange to
cause compressive stresses of sufficient magnitude necessary for
a failure mode of combined bending and shear. However, this shift
was, for both girders, less than seven inches from the geometric
web centerlines.
Because the scope of the investigation was focused on the
webs, not on the details of the girders, proper attention was given
to reducing the chances for cracks to occur at details. Thus, all
stiffeners were cut short of the tension flange and smooth transi-
tions were provided for joining plates of unequal thickness. In
all girders with both flange and web butt welds, the welds were
staggered to avoid a complete line of transverse weld. Where
either a flange or web changed dimensions along the length of the
303.10
girder, it was generally located away from load points and
supports to minimize the compounding of local stresses. For
-5
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bending girders F6 and F7, which had flange stresses higher than
those of girders Fl through F5, continuous tension flanges were
used to avoid str~ss concentrations at the flanges.
The sizep of all butt welds, connecting ditferent thickness
of flanges and webs, conformed with those recommended by current
specifications.(6) Fillet welds were generally smaller than
. . .
recommended. They were designed by the rule that the sum of the
throat dimensions of the two opposite fillet welds at a joint
should equal the thickness of the thinner plate at the joint.
All welding procedures were left to the discretion of thefabri-
cator with the understanding that current procedures would be used.
The sequence of welding and weld details are given in Tables 1
through 4 for all the girders. For proper orientation, the sides
of the webs facing the reader in Figs. 1, 2, and 3 are called the
Tl near sides!! (NS) while the other sides are called the Tlfar sides Tl
(FS).
The details of the specimens are shown in Figs. 1, 2, and 3.
Nominal plate sizes are indicated and overall dimensions given.
The solid arrows labeled TlpTl show the positions of loading points;
the reactions are shown as fixed or movable simple supports. For
ea·se of reference, selected panels are numbered (in triangels in
the figures) and will be referred to, as such, in the reports.
<>
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Except for the bearing of stiffeners, all girders are symmetrical
about a vertical centerline.
By comparing the results of girder Fl with those of the
other shear girders, the effect of panel size can be qualita-
tively assessed. With girders F2 and F3 identical, and F4 the
same as F5, some indication as to the scatter in the results was
available .. This replication was also given in the bending and in
the combined bending and shear girders by having F6 and F7 alike
as well as FB the same as F9.
2.2 Properties & Characteristic Loads of Specimens
All sizes of girder components cited in the last section
have been nominal. Actual dimenions of the component parts were
obtained by taking measurements of representative samples cut from
the original plates before girder fabrication. Values that were
obtained are listed in Table 5. Also listed in this table are
the results of chemical analyses of the steels (from the mill
test reports) and the physical properties evaluated by the
investigators by means of BTT standard coupon tests. It should be
noted that the yield stress (Q) was obtained under a zero strainy
rate and is referred to as the static yield stress. ASTM A373
steel was used for girdersFl to F7; girders FB and F9 were of
ASTM A36 steel.
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From the measured dimensions, geometrical properties were
computed and are shown in Table 6 for girder panels. The
notation ~ is the panel aspect ratio, the panel length divided
-7
by its depth. The values p are the web slenderness ratios of
panel depth divided by web thickness. The area of the web CAw)'
the section moduli (8), and the first and second moments of area
(Q and I) are all listed. Except for girders F8 and F9, the
cross sections were symmetrical and the section moduli above and
below the neutral axes were the same.
Table 7 summarizes selected characteristic loads for the
girder panels. The elastic buckling load, P ,is computed
cr
•
considering both bending and shearing stresses. In the center
sections of the shear girders, Fl through F5, the effect of
bending is negligible and single values of P are given for all
cr
these panels. Methods of computing these buckling loads can be
found in Ref. 1. In Table 7, in the next two columns, the maximum
static loads which the panels can withstand CPu) are listed with
the corresponding failure modes. Procedures for calculating
these values are given in Ref. 2, 3, and 4. It may be noted that
the panel with the lowest strength within a girder limited the
carrying capacity of the girder as a whole and was the basis for
determining the maximum fatigue load of the girder. The maximum
and the minimum loads applied to the girders are shown in two
neighboring columns in the Table. From these it can be deduced
that the loading for girders Fl, F2, and F3 was from one-half
303.10 -8
maximum to maximum whereas that for the other girders was approxi-
mately zero to maximum. For comparison, these test loads are
listed as percentages of each panel1s static strength in the last
two columns of the table.
The magnitude of applied panel shearing and normal stresses
. are listed in Table 8. Average shearing stresses are computed as
the quotient of the applied shear force and the web area; the
beam theory shearing stresses differ only slightly from the
average values. The normal stresses are calculated at the section
of maximum bending moment. For girders F8 and F9, these stresses
are higher on the top than in the bottom flange. All stress values
are computed at the maximum applied loads given in Table 7.
2.3 Test Setup
The specimens were tested on the dynamic test bed at Fritz
Engineering Laboratory. Overall view of the test setups for the
various loading conditions are shown in Fig. 4. All pictures
were taken from the near side of the girders. Heavy cross frames,
bolted to the test bed, served as loading supports or reaction
points. The cross frames were braced by diagonals in the longi-
tudinal direction of the girders to eliminate any movements in
that directio~ and all bolts anchoring the frame columns onto the
bed were prestressed to avoid sway or uplifting of the frames.
Two Amsler jacks served as the loading agents, each with a maximum
load capacity of 110 kips and a maximum dynamic stroke of 0.4
303.10
inches. Loads were transmitted from the jacks to the girders
-9
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through bearing fixtures, each of which consisted of a three inch
thick bearing block welded to a one-inch plate attached to the
girders! flanges. Thus, loads were distributed over approximately
a one-f00t length of girder. Two Amsler pulsators generated the
necessary hydraulic pressures for the jacks during the static and
fatigue loadings. Synchronized mechanically, electrically, and
hydraulically, these pulsators were run at a constant speed of
approximately 250 cycles ~er minute during fatigue loading.
,
Magnitudes of loads were read off pressure gages, which were
directly connected to the jacks on the girders. Reference 7 gives
a more detailed description of the construction of the test bed
and the associated testing equipment.
To provide lateral support to the compression flanges of the
girders, 2 ~lT standard pipes, were connected to stif,feners just
below.the compression flanges. Specific locations are indicated
by the dashed circles in Figs. 1, 2, and 3. These pipes were
pin~connected at both ends and suff~cient clearance at the pin
holes prevented the supports from exerting horizontal forces on
the girder due to vertical deflections alone.
In Fig. 5 are found schematic drawings of the test setups
shown in·Fig. 4. The applied jack loads are represented by the
arrows labeled lTP!! and the corresponding shear and bending moment
diagrams are shown below the sketches of the girders. A right
303.10 -10
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hand coordinate system is shawn which is used to locate specific
points of the girders. The origin of the system is at the
intersection of a girder's vertical line of symmetry and the
longitudinal line of symmetry of the web, all located in the mid-
plane of the web. Using this system, for example, the loads on
the shear girders are applied at (± 240, : 26, 0), whereas the
loading stiffeners of girders F8 and F9 are at x = : 30. Points
lying in the positive z region are on the near side (NS) of the
girder and points on the opposite side are in the FS. All
lateral support pipes were thus located on the FS of the girders.
2.4 Instrumentation
Various means were employed to monitor girder behavior during
the testing. The utilization of anyone of them generally varied
throughout the tests as the objectives and means of attaining them
were clarified.
The mQst extensive data were obtained from measurements of the
out~of-plane movements of the webs. These measurements were made
during preliminary static loadings of the girders by a dial gage
rig. The rig consists of a rigid frame upon which Ames dial gages
were rigidly mounted. The gages had a least scale division of one
one-thousandth of an inch and a stroke of one inch. Calibration
of the rig was accomplished on a machined surface at selected times
during the testing. Calibrations made throughout a test indicated
maximum changes in the order of· two or three thousandths of an inch.
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Figure 6 shows the rig on a girder ready for measurement. It can
be; seen that the bottom of the rig is supported on the lower
flange and against the web of the girder while the top rests on
the girder web immediately below the compression flange and is
affixed by a magnet. During testing, the flanges remained
straight within the range of loads applied and, thus, the joints
at which the rig were supported were relatively fixed in space.
Cross-sectional shapes plotted thereafter from the dial gage rig
data are, then, quite representative of the actual girder shapes.
The number of gages on the rig was increased from seven to
eleven as time of testing progressed. For girders Fl and F2, the
rig measured points along vertical sections on the girder at
y = + 21, ~ 15, ~ 9, and O. For girders F3 through F7 gages were
added at Y = ~ 18 and for girders F8 and F9 two additional gages
were mounted at Y = + 5. During testing, the rig was moved from
section to section to measure the deflected shapes at any desired
x-coordinate.
Web strains were measured in the preliminary static tests at
selected locations using electrical resistance strain gages.
After the pilot tests of girders Fl and F2, it was realized that
cracks would likely occur at panel boundaries. Hence, future
strain measurements were made mainly along the boundaries, as
illustrated in Fig. 7. The center (shear) panels of girders F3
and F4 were instrumented as shown in Fig. 7a. All gages were of
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the linear type (SR-4, Al), with a nominal gage length of 13/l6 lt ,
and, except for the rosette, were so .mounted that their center-
points were l~fl away from the face of the bounding elements.
Figure 7b shows a more extensive layout of SR-4 Al linear
gages for the center panels of girder F7, a bending girder. Note
that gages were not placed along the tension flange since, in
girder panels under pure bending, prior experience indicated
total conformance with beam theory predictions.(l) Also, it may
be seen that all gage centerpoints were 3/4fl away from the panel's
bounding elements. This close distance was also maintained for
panels of girders F8 and F9. In Fig. 7c the most extensive array
of gages used in this test program is shown. Rosette gages
(SR-4 AR1) of nominal 3/4 lt gage length were mounted along the
entire periphery of panel 2 of girder F8 and Panel 3 of girder F9.
Thus, complete distribution of stresses for panels of which the
capacities were governed by shear and combined bending and shear
were obtained.
Web strains were also measured at selected locations of
girder F8 when it was under fatigue loading. Strain gages were
connected to a six~channel Brush Recorder which continuously
plotted the measured dynamic strains.
303.10 -13
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Girder vertical deflections under static loading were
measured with an engineerls level and strip scales mounted on
girder stiffeners at the mid-depth of the girder. Movements of
all loading and reaction stiffeners were so noted. Thus, all
support settlements could be determined and elastic girder
deflections obtained. In all cases, a scale mounted on a nearby
building column insured against any accidental movement of the
level. An Ames dial gage was also mounted under a loading point
on each girder to check the readings of the engineerls level.
The vertical deflections of the girders under fatigue loading were
monitored by a llslipgage ll which employed an Ames dial gage and
indicated the maximum deflections of the girders to the nearest
thousandth of an inch.
All girders were coated with whitewash. This coating flakes
off the girder in regions where the material;l s yield stress is
reached. Thus, during static loadings, po~nts of,high stress
could be observed. Serving another purpose when the girder was
being cyclically loaded, the whitewash accentuated cracks forming
along panel boundaries and made inspections less difficult.
303.10
3. TESTING PROCEDURE AND FATIGUE RESULTS
3.1 General Testing Procedure
• With a test girder centered at the testing position, load
-14
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was increased slowly from zero to a maximum and then removed. In
the process, the load might be released at any time for fine
alignment of the jacks and the girder to avoid twisting of the
specimen; Besides being used for alignment purposes, this pre-
loading diminished the effects of residual stresses on subsequent
strain gage readings and allowed elastic strains alone to be
I
recorded. It also served the purpose of IT settling lT the supports.
After the pre-loading, a complete set of strain gage and web
deflection readings was taken at zero load as reference data for
later readings at various load levels. Figure 8, a load-
deflection curve of girder F4, helps to indicate the general
procedure of a static test. Load numbers were assigned to each
load magnitude for easy reference. Upon completing the record-
ings at the maximum load, a thorough inspection of the entire
girder was performed. All minor yield lines at high residual
strss regions were noted and a careful examination of all the
welds was made to see that no crack was present.
o
,..
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Pulsating of the jacks began after the loads were reduced
from the maximum value to the mean load. Approximately five
minutes were required to obtain roughly the desired load
magnitude and range, and a few more minutes were needed to
stabilize the loads at the exact, predetermined values. At
this point the counting of the load cycles began and the
fatigue testing was underway.
During testing, at time intervals of either one, two, or
three hours, visual inspection of the girder was made while
pulsating at about 250 cycles per minute. All welded areas
were examined for cracks with a three-power magnifying glass
and a floodlight. Any suspected cracks would receive careful
study and attention .
-15
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When the first crack was observed, the locations of its end
points were marked on the girder and the corresponding coordinates
were measured. The growth of this crack, as well as any other
cracks forming later, was recorded during subsequent inspections.
Testing would be stopped when a crack grew to a significant
length. The jack loads were than removed and a repair affected.
After a repair, a second fatigue test was performed following
the same' procedure of the first test, starting with a static test
and ending with the removal of the load after growth of a crack.
When all desired information was obtained from a girder, the test
was continued either until the load dropped and the girder
303.10 -16
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deflection increased significantly or until the girder had with-
stood a total of two million load cycles after the last crack
had formed. The testing of the girder was then terminated. In
some cases, cracks did not form after two or three million cycles
ana the loading was increased to obtain strain information at
higher loads and to accelerate fatigue crack formation.
In general, cyclic loading was carried out on a twnety~four
hour a day basis and was removed only when a repair was to be
made or when a test was to be terminated. At no time was any
girder left unattended for more than three hours, or about 50,000
cycles. This maximum value was relatively small when compared
with the hundreds of thousands of load cycles which girders
sustained before the observation of cracks .
The specific fatigue testing history of each girder is out-
lined in Figs. 9 through 17 for girder Fl through F9. A
discussion of the testing of gifder F3, Fig. 11, will be presented
next as an aid for interpreting the results given for each girder.
3.2 Testing History of Girder F3
Girder F3 was similar in geometry to girder F2. The static
test was performed with data recorded for loads of 0, 5, 10,.20,
30, 40,' 42.5 (P . ), 50, 60, 70, 80 and 85 (P ),kips. By using
mln max
beam theory, the maximum load produced maximum shearing stresses
of 10.1 ksi in the web of the test section at Y =° and maximum
bending stresses of 9.3 ksi on the flanges at X = + 75, Y = ~ 26
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(See Table 8). It was noted that the web at X = 240 was out of
plumb from top to bottom by about.l.l/8 inches, thus inclined at
an angle of 2!::2 degree off the vertical.
The pulsating load range of from 42.5 to 85 kips was next
applied, at an actual rate of 262.5 cycles per minute. Inspection
of the girder was made at two hour intervals (every 31,500 cycles)
. while it was in motion; After 800,000 cycles, the first crack,
Crack 1, was observed with initial coordinates of (-24 3/4,
- 3 7/8 to - 7 3/4, - 3 3/32). It was located at the web toe of
the fillet weld along the intermediate stiffener. Pulsating was
. continued and the crack gradually propagated through the thickness
of the web as well as growing vertically. At 1,150,000 cycles,
when the crack was approximately fourteen inches long on both
sides of the web, testing was stopped. The lower portion of the
crack had begun to turn away from the stiffener and to TTbranch TT
into the web. It was decided that repair should be made at this
point, even though the applied loads were being maintained and the
vertical deflection of the girder had remained practically constant.
The general location of Crack 1 within the girder is shown in
the upper portion of Fig. 11. A large scale sketch of the final
appearance of this crack, and other subsequent cracks, is given
below ,the outline of the girder. All cracks are numbered and are
shown as they appeared from the near side (+z) of the girder.
Unless otherwise noted, the cracks existed on both sides of the
303.10
web.\., The plot of load (P) versus number of cycles (N) in the
figure indicates when each crack was first observed and when
each was repaired. Repairs are sketched in the girder outline
in the upper part of the figure by dashed lines.
-18
Repair of Crack 1 began with gouging out the cracked
material with a compressed air chisel and then filling in the
excavation with weld beads. This procedure was first done on
one side and then on the opposite side of the web. A 5" x 3/8T!
plate stiffener, welded onto the far side of the web at X=
- 17 ~, completed the repair. As with all other intermediate
stiffeners, this reinforcing stiffener was cut short of the
tension flange and was welded to the compression flange. After
the repair, a static test was run up to 85 kips and the fatigue
test continued at the same speed and the same range as before, as
indicated in the load-cycle plot of Fig. 11.
Crack 2 was detected at 2,510,000 cycles with initial coordi-
nates of (74 3/4, 2 3/8 to 5, 3/32). Like the first crack, it was
on one side of the web only, developed along the web toe of a stif-
fener fillet weld. Because it had no effect on the loads or the
deflection of the girder, .the test was continued without repair.
At 2,640,000 cycles, Crack 3 was. noted along the top flange of
panel 1 at (- 37 5/8 to - 41 1/8, 24 7/8, - 3/32). Again, the
crack was located in the web along a fillet weld, on the far side.
Without repairing either Crack 2 or 3, the pulsating continued up
303.10
until 4,640,000 cycles. That is, the test was stopped at two
million cycles after the observation of Crack 3. The final
-19
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lengths of Cracks 2 and 3 are shown in Fig. 11. At this stage
these cracks had penetrated through the web and measured about
8 inches and 13 inches, respectively, on both sides of the web.
Regardless of such lengths, ~he loads on the girder were not
affected and the girder deflection remained stable.
3.3 Summarx of Fatigue Results
A summary of the information on the fatigue cracks of all the
test girders can be found in Table 9. Used in conjunction with
Figs. 9 through 17, a reasonably complete grasP of the fatigue
results can be obtained. In Table 9, the coordinates of the
cracks at first observance are given with the corresponding
number of cycles. Also listed here are the number of cycles
when repairs were made to each and the type of repair used.
Occasionally, as is the case" with Crack 1 of girder F4, several
repairs were made before a crack was effectively isolated. The
final crack lengths at repair,or at the termination of testing,
are given in the table for reference. These represent the average
of the lengths on both sides of the web unless a crack was
observed only on the near side or the far side of the web. For
each girder, the total number of cycles sustained is shown in the
last column of this table .
To elaborate on some results of testing, brief comments on
the girders are,given below.
...
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Girder F2 The first girder to be tested, girder F2 had a load
range of one-half maximum to maximum, where the maximum was 71
-20
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percent of the girder's static load-carrying capacity. Since no
web cracks were observed prior to·2,OOO,000 cycles, the testiDg
of the web was deemed successful. However, in a static test to
.110 kips, a pair of hair cracks were discovered (Fig. 10 and
Table 9). Because these cracks were only visible on one side of
the web, thus less than 3/16 inches deep, an attempt was made as
an experiment to repair them by placing weld beads over the cracks.
This was found insufficient, as hair cracks occurred at the weld
beads shortly. after resumption of the cyclic loading. An effective
repair was made at 2,520,000 cycles by welding and adding stif-
feners. Thereafter, the fatigue load range was increased to
55-110 kips for studying the effect of larger web deflections, and
a crack was observed at.a total of 3,100,000 .cycles. The testing
terminated at 3,290,000 cycles when girder deflections incr~ased
due to cracks at the ends of the coverplates.
Girder Fl This girder was subjected to a very severe test in that
the fatigue loads cycled between 44 and 88 kips, 41. 5 to 83% of
P , and that the central panels had an aspect ratio of 1.5 with
u
relatively large web deflections. Consequently, the fir~t crack
occurred early, at 330,000 cycles (Fig. 9). This crack was
several inches long and visible from both sides of the web when
observed. Repair was made by~gougirtg'gnd welding the crack and
adding stiffeners, thus dividing the repaired panel into two
•.303.10
smaller panels with aspect ratios of 1.1 and 0.4. For the
·subsequent 3,740,000 cycles, through the formation of Crack 2
in a virgin panel and the observations of Cracks 3, 4, and 5,
neither of these two smaller panels incurred a crack. Repair
-21
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of Crack 2 consisted of only gouging and welding the crack with-
out placing of reinforcing stiffeners. The final failure of the
girder occurred when Crack 3 was permitted to grow to such an
extent that it literally tore the web across one corner of the
. long panel as sketched in Fig. 9.
Girder F3 The progress of testing this girder has been presented
in Section·3.2 as an example for all other girders. It is only
necessary to note here that except for the butt welded f~anges
over the supports, the girder geometry and loading. in terms. of
P were identical to those of girder F2. Even the ;first.cracks
u
of these two girders were similar and in about the same location,
though at different numbers of cycles (Figs. 10and.ll). Repair
was then well established by gouging, welding and .adding of stif-
feners. As with the. two panels of girder F2 which were formed
after repair, the panel created by repair here also had an aspect
ratio of 0.85 and similarly sustained subsequent fatigue loading
till the termination of testing without further development of
cracks .
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Girders F4 and F5 These identical girders, loaded from approxi-
mately zero to 65% and 55% of their respective values of P , had
. u
quite different test results. The first crack of F4 appeared at
430,000 cycles whereas those of F5 did not occur until 3,400,000
cycles, 400,00 cycles after the increase of load range to 36~110
kips (Figs. 12 and 13 and Table 9). Just as with girder F2, the
fact that there was no crack in the web of girder F5 after
3,000,000 cycles was also considered satisfactory and the maximum
load was subsequently increased to observe, the behavior of the
web. The repairs of cracks in girders F4 and F5 were routine
except for Crack 1 of girder F4 which required several repairs
including the use of web doubler plates. The termination of
testing of both girders, however, were similarly due to excessive
crack length in the panels.
Girders F6.andF7 Identical.in all respects, these specimens were
designed to underg.othesame.loading in bending and thus provide
some duplication of data. The. loads.turned out to be far from
similar. After the. obse.rvation of Cracks 1 .and 2 at 600,000
cycles in girder F6, Fig. 14, cracks were found in the web butt
welds and eventually interrugted the testing. In an attempt to
reduce the chance of formation of cracks at the web butt welds
of girder F7, its maximum load was lowered from the intended 0.65
P to 0.55 P . The effort· was in vain, as extensive cracks still
u u
developed there without any other cracks in the girder. Thus, at
1,000,000 and 1,300,000 cycles for girders F6 and F7, respectively,
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the web butt welds were examined by cutting out plug samples.
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The welds were found to be defective due to incomplete penetration
and they were completely replaced. Cope holes of -1 ~ft diameter
were left at the repaired welds adjacent to the flanges. Further
testing was. carried out at the same load range as that of girder
F6, that is, approximately zero to 0.65 P. The termination of
u
testing of F6 was due to the formation of cope hole. cracks and
the outgrowth of Crack 2 into the tension flange. For girder F7,
even though a crack developed in the central panels at 2,280,000
cycles, it was along a stiffener adjacent to a cope hole, and the
cracks at cope holes again caused the termination of testing.
Girders F8 and F9.D.esigned and loaded alike, both girders incurred
,their first cracks in the panels under high bending and shear
stresses at about the same number of load cycles (275,000 and
350,000). The. similarity in the appearance of these cracks, and
of Crack 2 of both girders, is obvious when comparing Fig. 16 .. and
Fig. 17. After the formation and growth of Crack·3 in girder F8,
its fatigue testing was discontinued at 3,350,000 cycles inLorder
to conduct a static ultimate load test. This was done to obtain
complete strain readings in panel 2 which was heavily instrumented
and without cracks. The last cracks of girder F9 occurred at
various panels, Fig. 17. One of these, Crack 6 along a stiffener,
gradually branched out into the web as loading progressed and
f:i;.nally ripped across the web at 2,590,000 cycles, in a manner
similar to that of girder Fl.
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4.1 Modes of Failure
As mentioned in Section 3.3, fatigue cracks occurred at
similar locations in girder webs. By comparing the patterns of
cracks and the loading conditions, three modes of web failure by
fatigue can be distinguished. To aid in visualizing and in
discussing these, a summary of all crack ;Locations from all the
test girders is presented in Fig. 18. In this figure, the regions
of crack initiation are shown by the heavy wavy lines and the
adjacent numbers in parentheses represent the number of cracks
which initiated at that location. The directions of the applied
bending and shearing forces are also shown, vectorially.
4.1.1 Shear Mode When a web panel is loaded in shear, resulting
in tension field action, (3) and the bending stresses are relatively
small, cracks generally initiate along the web boundaries in regions
where the tension field is anchored, Fig. 18a. This pattern of
failure is arbitrarily defined as a l!shear model!. From the test
results, nineteen of twenty-six such cracks began along the
intermediate stiffeners whereas the other seven began along the
flanges, more likely along the compression flange. (Similar crack
locations for panels under shear are reported in Ref. 8).
303.10
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Typically, the shear mode crack was first observed at the web
toe of the fillet weld on one side of the web only (see Table 9,
z-coordinate, and Fig. 19a, for Cracks of Girder F4). As testing
proceeded, the crack grew in length (e) along the fillet weld
and also gradually penetrated through the web thickness. After
the crack had reached a length of several inches on both sides of
the web, it usually ltbranched out lt into the web, in a direction
approximately perpendicular to the tension field. If this type of
crack is not repaired, the girder will eventually lose its load-
carrying capability due to excessive crack length or diminished
tension field action. Panel 2 of girder F4 and panel 2 of girder
F5 were permitted to incur cracks of considerable length after the
braching and both girder tests had to be terminated when the loads
began to drop.
4.1.2 Bending Mode Crack locations for 'panels under pure bending
are shown in. Fig. 19b. There were four cracks of this type, all
initiating in the tension zone of the girders at the web toes of
the stiffener fillet welds. Three of the four were located close
to the tension flange and one began a few inches below the neutral
axis, as shown in the figure.
From table 9, it can be noted that the bending mode cracks
were first observed on ~ither one or both sides of the web, but in
the former case the crack quickly penetrated through the web. The
primary growth was vertically downward, toward the tension flange.
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If left unchecked, this type of crack will propagate into the
tension flange and eventually cause failure of the girder. The
growth of crack 1 of girder F6, the crack which was first
detected only on one side just below the neutral axis, is
depicted in Fig. 19b. By comparison with the growth of the shear
crack, Fig. 19a, it is seen that the bending mode crack propagated
much more rapidly than that of the shear mode.
4.1.3 Combined Bending & Shear Mode In panels subjected to shear
stress plus significant bending stress, a third mode of failure
was observed. The cracks primarily initiated along the web toes
of the compression flange fillet weld as shown in Fig. IBc. Two
of the four cracks of this nature occurred in the tension field
anchorage zone (crack 1, FB and crack 1, F9) and two occurred
outside (crack 3, F4 and crack 2, FB). (This type of crack was
also reported in Ref. 9, where web panels were loaded in high
bending). All four cracks were first observed on one side of the
web and then propagated through to the other side while growing
horizontally along the web toe of the weld. Those two cracks in
the tension field later branched into the web, generally perpen-
dicular to the field. An example of the growth of such cracks is
given in Fig. 19c, for crack 1 of girder F9. It may be noted that
the rate of propagation of this crack was somewhat between those
for the shear mode ~nd the bending case.
303.10 ~27
•
Under this combined loading, there was an unusual crack
(crack 3, girder F9) which located in the tension field anchorage
zone along the web toe of the stiffener weld (Fig. 18c) .~Seen
only on the near side initially, it soon penetrated through the
web thickness and then branched into the web. However, contrary
to the shear mode cracks, this one branched into the web in a
direction parallel to its panelTs tension field (Fig. 17). It was
observed that the crack surface appeared to be moving in opposite
directions perpendicular to the plane of the web (tearing action).
Thus far, only significant cracks have been discussed. During
testing, other cracks developed at various locations throughout the
girders. Included among these were cracks at coverplate termi-
nations, at the ends of intermediate stiffeners, and cracks adjacent
to loading and reaction joints. These had no effect on the behavior
of the portions of the girders under examination and will be
discussed no further.
4.2 Web Stresses
Web stresses presented in this section are computed from
recorded strains by ..using electrical resistance strain gages on web
surfaces (Section 2.4). These surface strains were obtained during
preliminary static tests of the girders. To determine if any dif-
ference existed between the strains under static and fatigue loading,
six gages on girder F8 were connected to a Brush Recorder and read-
ings were taken while the girder was subjected to load. The resulting
strains are listed in Table 10. Since only slight deviations are
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recorded, in further discussion it will be assumed that the static
substantially represent those under fatigue loading.
Strain gage readings reflect conditions on the surface of
the web. To obtain the strains at the mid-plane of the web, the
"membrane" or "axial" strain gages were always mounted in pairs. on
opposite faces of the web and linear variation of strain across the
web thickness is assumed. This assumption also permits calculation
of the "secondary bending" strains due to out-of-plane movements of
the web. The decomposition of two recorded surface strains is
illustrated in Fig. 20. Thus, the membrane strain is obtained as
the average of the algebraic sum of the opposite surface strains
,
whereas the secondary bending strain is the average of the algebraic
difference. In converting these strains to stresses, Young's
modulus (E) is assumed to be 29,600 ksi and Poisson's ratio (7) is
taken as 0.3.
It is realized that residual stresses of significant magni-
tudes are present along the panel boundaries of the girders~ In
addition, local stress.concentrations due to welding (undercutting,
convexity, changing of electrodes and inclusions) are also present.
All these have been disregarded in evaluating the stresses. There-
fore, the strain and stress values presented hereafter may not
represent the true strain and stress magnitudes at the points of
consideration. These values are, nevertheless, the applied
magnitudes, a main factor in designlng bridge girders.
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4.2.1 Web Membrane Stresses The purpose of evaluating stresses is
to gain a better insight of the causes of cracks and to correlate
the stresses.with the various modes of failure. A logical first
step would be to evaluate the membrane stresses at the points of
crack initiation. Since strain gages were not located at all the
points of crack initiation, it is necessary to compare the measured
and predicted stresses in girder panels to establish a relationship
for stress evaluation.
The web membrane stresses calculated by measured strains and
by beam theory are plotted in Fig. 21 for a few points of girder
F5, a shear girder. It is seen that, at least up to about 90 kips,
the measured values of both normal and shear stresses agreed well
with the values calculated from M~/I and VQ/It. For the relatively
large deviation between the normal stresses of gage 2, the measured
stresses are less than the predicted values. Since 90 kips is
approximately 70% of the girderTs static load carrying capacity,
well above the most probable maximum load of 55-65%·P , it is
.u
safe to say that the membrane stresses along the boundaries of
the shear girders may be satisfactorily predicted by the beam
theory for practical load magnitudes.
The same agreement between measured and predicted beam theory
stresses is observed in Fig. 22 for panel 2 of girder F7, a
bending girder. TTMeasured TT stresses parallel to the compression
flange were calculated from the longitudinal and vertical strains
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measured at a point using the two-dimensional stress formula
~x = [E/(l - V2)J (Ex + VE y). Along the stiffeners, it is
assumed that the vertical strain is negligible (E = 0) andy
therefore, 6= EE /(1 _V 2 ). Excellent agreement is noted for
.x x
gages in the tension zone of the girder as shown in Fig. 22,
gage 1. In the compression zone, a typical reduction from the
predicted values(l) is recorded by gage 3. Since the maximum
load of 80 kips is 65% of the girder's carrying capacity, it is
~gain safe to say that the membrane stresses along the panel
boundaries of the bending girders conform to those by flexural
formulas for ordinary load ranges.
For a panel under combined shear and bending, panel 3 of
girder F9, the mea~ured and predicted principal membrane stresses
are presented in Fig. 23 for comparison at a load 65% of the
panel's static load carrying capacity. Principal stresses from
measured rosette strains are plotted in their proper directions
by the solid vectors. The adjacent lighter lines indicate the
orientiations of the beam theory principal stresses and the
indices mark their corresponding magnitudes. It can be seen that
the directions of the measured and theoretical stresses differ
only slightly and it is generally true that the experimental
tensile stresses were either in agreement or slightly less than
their corresponding theoretical values. Therefore, for the panels
under shear and high bending of practical magnitude, it may be said
that the principal tensile stresses given by the beam theory
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generally agree with, or overestimate, the actual values present
along flan~es and stiffeners.
With the fact established tha~ the beam theory can predict
web membrane stresses reasonably well along the panel boundaries
for all loading conditions, the membrane stresses at the locations
of crack initiation can be computed. By plotting the magnitude of
these membrane stresses against the corresponding number of cycles
at the first observation of the cracks, some indication on their
relationship may result. Such a plot is made for all the cracks
of this investigation and is shown in Fig. 24. The ordinates
here are the beam theory, principal tensile membrane stresses. It
is seen that no consistent relationship is evident, regardless of
whether a cartesian coordinate system or a semi-log plot is used.
If maximum shear stress or the stress range rather than maximum
principal stress is used, similar inconsistency results. The
point to be emphasized is that, even though the beam theory can
satisfactorily predict the membrane stresses at the web boundary,
these membrane stresses alone can not account for crack initiation.
Some other stress parameter must be examined.
4.2.2 Secondary Bending Stresses of the Web The phenomenon that
most cracks were first observed on one side of the web suggests
that the secondary bending stresses may play an important role in
the formation of web cracks. Since secondarY,bending stresses
result from out-of-plane movements of the web, it appears logical
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to review the web deflections for the purpose of evaluating these
stresses.
From test measurements of the lateral deflections of the
web, it was found that no web was initially flat. ClO ) When ,loads
were applied to the girders, the in-plane bending stresses caused
these webs to deflect in the lateral direction. The magnitudes
and the shapes of deflection depend on the initial deflections
of the webs, the web thickness, the applied load, and the rigidity
of the boundary elements. For illustration, web deflection contours
of a shear ,a bending, and a combined bending and shear pane,l, are
shown in Figs. 25, 26 and 27, respectively. Although the initial
deflection contours of the panels show no typical pattern,. there
are definite trends associated with each loading conditions. ClO )
For a shear panel CFig. 25), as applied load is increased,
the lateral deflections gradually change to form the typical
orientation of the contourlines in the direction of the tension
diagonal. The web deflections for a bending. girder panel, :Fig.
25, illustrates the typical increase of deflection magnitude above
the neutral ,axis and the gradual decrease in magnitude in the
tension region for girders under pure moment. Finally, the contours
of a panel under high bending and shear stresses, Fig. 26, sh6wthe
combined effects.of the moment and shear. As with the shear
panels, the inclined contours are formed; similar to the bending
panels, the deflections in the compression zone are considerably
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Further discussion and examples of the lateral web
deflections are available in References 8 through 13.
Because the flanges and stiffeners bounding a panel restrain
lateral deflections of the web, secondary bending stresses are
generated along the periphery of a panel in proportion to the
magnitude of the deflections. Calculated from the strain gages,
the secondary stresses perpendicular to the boundaries are
indicated in Fig. 28 for panels under the three types of loading.
The stress vectors in the figure are all tensile and are on the
near side of the, web unless accompanied by an TTF TT , in which case
. tension was.on the far side. For the bending panels, where the
def~ections are small below the neutral axis, these secondary
bending stresses appear to be quite negligible in the tension
zone (panel 3, girder F7). Along both the flanges and the stif:..
feners of the shear panels and the panel under combined loading,
as well as along the compression flange of the bending panel,
secondary bending stresses can be in the order of the webs yield
stress.
Such high magnitudes of stresses certainly exerted some
influence on the initiation of cracks in those panels. However,
these secondary bending stresses in Fig. 28 were measured at the,
gage locations, not at the web toes of the fillet welds where the
cracks occurred. As an illustration of the difference of stresses
at these two points, the deflected shape of a web strip of girder
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F3is considered in Fig. 29. By fitting a smooth curve through
the measured lateral web deflections and incorporating the
measured stiffener rotation, the stresses in the unit width strip
can be calculated. The magnitude at the center of the.gage is
computed to be 10.7 ksi (8.0 ksi by strain gage) whereas that at
the toe of the weld is approximately 36ksi. Consequently, the
stress values measured by the strain gages do not truly represent
the significant stresses at the web toe of the fillet weld.
Qualitatively, because the stresses are usually higher at the toe
of the weld than at the gages, high values of measured plate
bending strains generally signify high secondary bending stresses
at web boundaries. Quantitatively, the stresses measured only a
short distance away from the boundary can not be directly
correlated with the number of cycles at crack initiation.
Unfortunately, the secondary bending stresses at web boundaries
can not yet be estimated theoretically. Even to employ the
empirical method of Fig. 29 requires deflection measurements of
the web as well as rotation magnitudes of the boundaries, for
which rotations no reliable measurements were obtained. Fortunately
because the flanges of the test girders were reasonably rigid
compared with the webs, it may be ass.umed that they remained
untilted even after considerable lateral web deflection. Simple
cantilever strips can then be used in a direction perpendicular
to the flanges for computing plate bending stresses. By fitting
a fourth order polynominal through the lateral web deflections
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measured at distances of 4, 7, and 10 inches from the flange,
secondary bending stresses.were computed for panels in girders
wherecrac~along the flanges occurred. Examples of the results
of these computations are given for panels 2, 5, and 6 of girder
F9 in Fig. 30. Each computed stress is shown by an open circle
and approximate stress variations are obtained by joining these
circles. The maximum stress within the initial length of a crack
is deemed to be the significant stress and these values are 34,
43, and 41 ksi for cracks 4, 1, and 2, respectively.
From this figure, and from similar ones for the other girders
with cracks along the web toes of the flange fillet welds, it is
seen that these cracks always initiated in the regions of highest
secondary bending stresses. By referring to Table 9, cracks 1 &-2
are noted to be first observed on the NS and FS of the web,
respectively. Since the tensile components of the secondary
bending stress were also present oD the NS & FS, this serves as
further evidence that the secondary bending stresses are
instrumental in causing fatigue cracks.
To explore further the consistency between these approximate
secondary bending stresses and the cracks at the toe of the flange
fillet welds, the range of the secondary bending stress is plotted
against the number of cycles at the first observation of the
cracks, Fig. 31. Even though only very limited data are available,
it is evident from these S-N plots: that there exists a definite
-303.10
relationship between the quantities.
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In summary, it must be printed out that, regardless of the
, r_ •
.; ..
inconclusive nature of Fig. 23 in comparing web membrane stresses
and the number of cycles at crack occurrence,_ some combination of
the web membrane and secondary bending stresses may give a relation-
ship even better than that of Fig. 3'].. To investigate this
requires complete S-N curves of weldments subjected to a combi-
nation of membrane and bending stresses. As of yet, these curves
do not exist.
4.3 End Panels
From Fig. 9 through 15, it can be observed that the end panels
of girders Fl to F7 sustained none of the cracks described in
Sect. 4.1. These panels were designed primarily to provide support
for the center sections thus webs of practical thickness were
selected. The thickness of either 5/16 11 or 3/8 11 conformed to the
minimum requirements of the AASHO Specifications(14) .
Because of these webs were thicker than those of the center
sections, smaller relative initial lateral web deflections were
present, (10) lower membran~ stresses existed in the webs, and
smaller lateral deflections of the webs occurred under load.
Examples of the web deflection contours for the end panels are
given in -Fig. 32.. The maximum initial deflection of about 0.20 II
was approximately 0.6 times the plate thickness of 0.31211~ The
303.10
-37
maximum deflection under load was about 0.33 ff which only slightly
exceeded the thickness of the web, even though the panel length
was 1.8 times the web depth and the load magnitude was 0.58 P
u
(Table 7).
With lateral web deflections of this order, far smaller
secondary bending stresses were generated. Since both the membrane
and the secondary bending stresses were small, it was expected
that cracks.would not occur in these end panels, which in fact was
the case.
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1. In this investigation nine large-size, thin-web welded plate
girders were tested under fatigue at 250 cpm. Three girders,
with a load range of one-half maximum to maximum, incurred
first cracks at 330,000; 800,000; and 2,000,000 cycles. The
other six girders, loaded with a zero to maximum range, had
their first cracks observed between 280,000 and 3,400,000
cycles. Generally, the panels in which the first cracks
occurred repaired and further fatigue testing performed.
2. From the test series, three modes of failure of the main
(3/16") webs were distinguished, depending on the loading
conditions of the webs:
Shear Mode - cracks formed in the tension field anchorage
zones along the web toes of the fillet welds.
Bending Mode - cracks initiated in the tension regions of
the webs along the web toes of stiffener fillet welds.
Combined Bending and Shear Mode - cracks began along the
web toes of the compression flange fillet welds.
, ,
3. The web membrane stresses measured along panel boundaries were
found to be in reasonalbe agreement with beam theory predi-
ctions at practical loads. In comparing these stresses with
the numbers of cycles at crack initiation, no correlation
was observed.
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4,. For the 3/16 11 webs tested, secondary bending stresses were
caused by the lateral web deflections. The magnitudes of
these stresses were sometimes as high as the yield stress
of the web. It was shown that the initial ,locations of
cracks along the flanges were in regions of the highest
secondary bending stresses. In comparing these stresses
with the numbers of cycles at crack initiation, good
correlation was observed.
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5. The end panels with practical web thickness sustained no
significant cracks. They had smaller relative initial
deflections than th~ 3/16 11 center webs, as well as smaller
relative deflections under load. Since these panels
conformed with minimum thickness requirements for highway
bridges, analytical studies will be made to assist in the
formulating of design recommendations.
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A. Sequence
Step Connection position Weld
1 3/ST! web plates to 3/16T! web plate NS a
2 3/S 11 web plates to flanges NS b
3 3/16T! web plates to flanges NS c
4 Same as steps 1, 2, and 3 FS -
5 Bearing stiff. to 3/ST! web plates FS d
6 Inter. stiff. to 3/S 11 web plates FS e
7 Inter. stiff. to 3/16T! web plate FS c
S Same as steps 5, 6, and 7 NS -
9 Cover plates to top flange
- f,g
10 Ends of stiff. to bot. flange, as reqTd - -
11 Cover plates to bot. flange
- f,g
12 Ends of stiff. to top flange, as reqTd - -
B. Welds
Weld Type Details
a Butt S.A; 425A, 30v, 35 ipm; 5/32 oHi Mn wire
b 1/4 fillet S.A; 650A, 29v, 29 ipm; 5/32 o Hi Mn wire
c l/S fillet Manual; 125A, 60v, DC; E60 12, l/S 0
d 1/4 fillet Manual
e 3/16 fillet Manual; 160A, 60v, DC; E60 12, 5/32 0
f 3/16 fillet Manual; 425A, 30v, DC; E6012, 5/32 0
g 3/S fillet Same as f, three passes
Table 1. Welding Details, Girders Fl ~ F2
303.10
Step
1
2
3
4
5
6
7
A. Seguence
Connection
1\"(1_5/8")flange plates to 1" flange plates
3/8"(5/l6")web plates to flanges
3/16" web plates to flanges
Bearing stiff. to web plates
Inter. stiff. to 3/8" web plates (F3 only)
Inter. stiff to 3/16" web plates
3/8"(5/l6")web plates to 3/16" web plates
Same as step 2
Same as step 3
Same as step 4
B. Welds
Position
N.S.
N.S.
N.S.
N.S.
N.S.
N.S.
F.S.
F.S.
F.S.
Weld
a
b
c
b
e
c
d
f
Weld Type Details
a Butt S.A; 350A, 30v, 14 ipm; 5/32·0 wire, 840 flux
b 1/4 fillet CO2 ; 200A, 22v, 10 ipm;
c 1/8 fillet CO2 ; 200A, . 22v, 20 ipm;
d Butt CO2 ; 200A, 22v, 20 ipm; . 0.045 0 wire, 50 cu.ft. per hr. gas flow
e 3/16 fillet CO2 ; --
f Butt CO2 ; 350A, 27v,. 18 ipm;
r0ble 2 Welding Details, Girders F3, F4 & F5
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A. Sequence
Step Connection Position Weld
1 5/16" Web Plates to Flanges N.S. a
3/16" Web Plates to Flanges N.S. b
2 B~aring Stiff. to 5/16" Web Plates N.S. a
Inter. Stiff. to 3/16" Web Plates N.S. b
3 5/16" Web Plates to 3/16" Web Plates N.S. c
4 Same as Step 1 F.S. -
5 Same as Stel? 2 F.S. -
6 Same as Step 3 F.S. d
B. Welds
Weld Type Details
a 1/4 fillet CO2 ; 200A, 22v, 10 ipm;
b 1/8 fillet CO2 ; 200A, 22v, 20 ipm; 0.045 0 wire, 50 cu.
'> ft. per hr. gas flow
c Butt CO2 ; 200A, 22v, 20 ipm;
d Butt CO2 ; 350A, 27v, 18 ipm;
Table 3 Welding Details, Girders F6 &F7
•..
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A. Sequence
Step Connection Position ,. Weld
1 11/16" flange to 1 3/8" flange -- a
2 11/16" top flange to 3/16" web N.S. &- F.S. b
simultaneously
3 1" bot. flange to 3/16" web b
4 Inter. Stiff. to .3/16" web -- b
B. Welds
Weld Type Details
a Butt 60 0 double-V groove weld, }1/8 II root opening; Manual, E6014-
b 1/8 fillet 200A, 24v, 11 ipm; E7014
Table 4 Welding Details, Girders F8 &- F9
Table 5 Plate Dimensions ~ Properties
,- --'---_.,.-
Girder Component Dimensions C Mn P S Si ay ~ Elong.
( in) (%) (%) (%) (%) (%) (ksi) (ksi) (%)
web-cent. 50xO .189 0.22 0.68 0.030 0.027 35.1 63.1 24.7
Fl -end 50xO.389 0.19 0.52 o.Oll 0.030 34.0 60.7 28~1Flange 12.03xO.996 0.17 0.73 0.012 0.026 31.4 63.3 32.7
- Cov. Plate 1l.06xO.998 0.18 0.72 0.010 0.019 0.24 32.4 66.8 31.0
web-cent. 50 x 0.190 0.22 0.68 0.030 0.027 35.1 63.1 24.7
F2 -end 50 x 0.389 0.19 0.52 0.01l 0.030 34.0 60.7 28.1Flange 12 .01xO. 996 0.17 0.73 0.012 0.026 31.4 63.3 32.7
Cov. Plate ll. 09xO .990 0.18 0.72 0.010 0.019 0.24 32.4 66.8 31.0
web-cent. 50 x 0.174 0.16 0.54 0.008 0.023 35.8 58.4 29.8
F3 -end SOx 0.378 0.17 0.56 0.008 0.023 0.03 32.4 55.9 33.5F1ange-1" 12.13x1.0ll 0.22 0.57 0.009 0.018 0.05 36.6'" 58.1 30.3
-11;" 12.16x1.271 0.15 0.55 0.010 0.022 _ 0.23 30.8 59.8 32.2
web-cent. 50 x 0.192 0.16 0.51 0.008 0.021 0.05 33.5 56.6 31.6
F4 -end 50 x 0.312 34;4 58.8 29.7Flange-cent. 12.07xl.008 0.15 0.54 0.008 0.022 0.23 37 . 9'~ 62.0 31.3.
-end 12. 29xl. 636 0.16 0.77 0.009 0.021 0.20 31.6 59.9 34.0
web-cent. 50 x 0.195 0.15 0.48 0.008 0.022 33.8 56.5 31.7
F5 -end 50 x 0.312 34.4 58.8 29.7Flange-cent. 12.06xl.010 0.15 0.54 0.008 0.022 0.23 28.5 61. 5 32.6
-end 12 . 18xl. 646 0.17 0.65 0.014 0.020 0.18 35.0* 62;9 32.6
web-cent. 50 x 0.182 0.15 0.51 0.008 0.019 0.04 39.7 59.0 28.3
F6 -end 50 x 0.312 0.15 0.51 0.008 0.019 0.04 35.2 58.6
- .
30.5
Flange 12.13xO.628 0.22 0.57 . 0.009 0.017 0.05 32.6 62.7 29.5
, web-cent. 50 x 0.182 0.15 0.51 0.008 0.019 0.04 39.7 59.0 . 28.3
F7 -end 50 x 0.312 0.15 0.51 0.008 0.019 0.04 35.2 58.6 30.5
Flange 12 .15xO. 638 0.16 0.72 0.008 0.022 0.03 31.0 57.8 31.9
Web 50 x 0.203 0.23 0.83 0.010 0.022 43.6 71.9 28.4
F8 Flange-1l/16" 12.00xO.708 29.5 60.0 31.2
_1"
··18.00x1.003 31.4 65.6 29.0
-1 3/8" I 12 .00x1.378 - 0.22 1.08 0.015 0.026 0.034 2'1.2 65.3 31.7
Web 50 x 0.195 0.23 0.83 _0.010 0.022 43.6 72.0 33.5
F9 Flange-1l/16" 12-.00xO.708 29.5 60.0 31.2
_1" 18-.00xl.003 31.4 65.6 29.0
.,.1 3/8" 12.00x1.378 0.22 1.08 0.015 0.026 0.034 27.2 65.3 31. 7
* Mill report values; otherwi~e ~tatic stress levels from Fritz Lab. tests.
Note: Girders Fl through F7, ASTM A-373; F8 ~ F9, ASTM A-36 steel.
•
..
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Table 6 Summary of Geometrical Properties
S
Girder Panel(s) ec p A Top Bot I ~ax
.w2 . 3 . 3 . 4 in3In In In In
1,2,7,8· 0.8 129 19.45 756 19640 428
Fl 3,6 0.8 129 19.45 1302 35140 720
4,5 1.5 264 9.45 675 17560 365
1,2,8,9 0.8 129 19.45 755 19620 427
F2 3,7 0.8 129 19.45 1298 35040 719
4,5,6 1.0 263 9.50 675 17540 365
1,2,8,9 0.8 132 18.90 765 19890 431
F3 3,7· 0.8 132 18.. 90 923 24260 514
4,5,6 1.0 287 8.70 683 17770 368
1,5 2.4 160 15.60 1129 30060 617
F4 2,3,4 1.0 260 9.60 686 17830 370
1,5 2.4 160 15.60 1125 29990 615
F5 2,3,4 1.0 256 9.75 687 17880 371
1,5 1.8 160 15.60 508 13020 291
F6 2,3,4 1.0 275 9.10 455 11660 -
1,5 1.8 160 15.60 514 13190 294
F7 2,3,4 1.0 275 9.10 462 11830 -
1,7 0.5 246 10.15 546 915 17690 374
F8 2,3,5,6 1.0 246 10.15 546 915 17690 374
4 1.2 246 10.15 911 981 24740 -
1,7 0.5 256 9.75 542 913 17580 371
F9 2,3,5,6 1.0 256 9.75 542 913 17580 371
4 1.2 256 9.75 907 978 24660 -
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Table 7 Summary of Characteristic Loads
I Test Loads
Girder Panel(s) P P Failureb P
min P P . IP P Ipcr u Mode max mln u max u(k) (k) (k) (k) (%) (%)
1,8 309 362 1 S 12 24
Fl 2,7 246 283 I 44 88 16 313,6 253 329 I 13 27
4,5 25.7a 106 S 41 .. 83
1,9 309 362 S 13 26
F2 2,8 246 283 I 46.5 c 93 c 16 333,7 253 329 I 14 28
4,5,6 34.3a 131 S 35 71
1,9 288 324 I S 13 26
F3 2,8 232 306 I 42.5 85 14 283,7 179 234 I 18 36 '
4,5,6 26.2 a 120 S 35 71
F4 1,5 94.0 168 S 8 82 5 492,3,4 35.4a 127 S 6 65
F5 1,5 94.0 168 S 4d 72d 2 432,3,4 37.2a 131 S 3 55
F6 1,5 94.5 162 I 5 94 _.3 582,3,4 43.8 144 B 4 65
F7 1,5 95.0 158 I 5 76e 3 482,3,4 44.4 139 B 4 55
1,7 114 224 S 1 36
F8 2,6 36.2 173 S 3 81 2 473,5 27.3 125 B 2 65
4 68.7 179 B 2 45
1,7 101 213 S 1 38
F9 - 2,6 32.4 165 S 2 80 1 493,5 24.7 123 B 2 65
4 63.1 178 B 1 45
a
b
c
d
e
small effect of bending stress is neglected
S = shear, B = bending, I = combined bending and shear
Load range increased to 55 to 110 kips after 2,520,000 cycles
Load range increased to 36 to 110 kips after 3,000,000 cycles
Maximum load increased to 90.kips after 1,300,000 cycles
to
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Table.8 Summary of Panel Stresses at
Maximum Loads - Beam Theory
---....
G'a
tAV=V/Aw
x
Girder Panel(s) ~ =~ Top Flo Bot. Flo
(ksi) max It (ksi) (ksi)(ksi)
1,8 4.5 4.9 4.7
Fl 2,7 4.5 4.9 9.33,6 4.5 4.6 8.1
4,5 9.3 9;7 9.8
1,9 4,8 5.2 4.9
F2 b 2,8 4.8 5.2 9.93,7 4,8 4.9 8.6
4,6 9.8 10.2 10.3
5 9.8 10.2 3.4
1,9 4.5 4.9 4.4
F3 2,8 4.5 4.9 8.93,7 4.5 4.8 11.0
4,6 9.8 10.1 9.3 .
5 9.8 10.1 3.1
1,5 5~3 5.4 8.7
F4 2,4 8.5 8.9 9.0
3 8.5 8.9 3.0
1,5 4.6 4.7 7.7
F5c 2,4 7.4 7.7 7.9
3 7.4 7.7 2.6
F6 1,5 6.0 6.7 -16.6 +16.6
2,3,4 0 0 -18.6 +18.6
F7d 1,5 4.9 5.4 -13.3 +13.3
2,3,4 0 0 -14.8 +14.8
1,7 8.0 8.4 -,3.7 +2.2
F8 2,6 8.0 8.4 -11.1 + 6.63,5 8.0 8.4 -18.5 +11.1
4 0 0 -12.3 +11.4
1,7 8.2 8.7 - 3.7 + 2.2
F9 2,6 8.2 8.7 -11.0 + 6.63,5 8.2 8.7 -'18.4 +11.0
4 0 0 -12.2 +11.3
a Stress at section of maximum moment. See Fig. 5 for sign of
stress of girders Fl through F5,.
b Stress increased by 110/93 after 2,520,000 cycles
c Stress increased by 110/72 after 3,000,000 cycles
d Stress increased by 90/76 after 1,300,000 cycles
Table 9 Summary of Crack Data
--J=~--.~._-~~~::--
•••• '0 _ • __ •• _ ._.__ ••• _~. ... '......._....._....
""I'"
First Observance Final : End of
Crack Test, ,_.-
·--1 N~106 Repair(s)c ;-'--·--6" .I Coordinates Length: Nx10_!-_.....
Gir. Crac-k x r y z 'cycles 'cycles ~- type -( in) cycles
1 9 3/Bto-20 +24 7/B ~3/32 0.33 0.34 A 11
2 + ~ - 9 7/Bto-13 -3/32 1.20 1. B5 B 17
Fl 3 +65 3/4to66 l/B +24 7/B -3/32- 2.33 -- none 39 4.0B
4 +74 3/4 -1 7/Bto+1 +3/32 3. B2 none 6
5 +2B~to+35 3/Ba -24 7/B _ - +3/32 3.B2 none ll(NS)_
1 -25 ~ _2 b +3/32 2.00 2.52d C 3
2 -24 3/4 _2 b +3/32 2.00 2.52d C 4
: F2 3.29
3 ":25 ~ +14 3/4to+16 -3/32 2.20 2.52 C 2(FS)
4 +74 3/4 -~to-1 -3/32 3.10 none I 7(FS)
1 -24 3/4 -3 7/8to-7 3/4a -3/32 0.80 1.15 A 14
- F3 2 +74 3/4 +2 3/8to+5 +3/32 2.51 none - 8 4.64
3 -37 5/8to-41 1/8 +24 7/8 -3/32 2.64 none 13
1 • +74 3/4 +1l~to+15~ +3/32 0.43 1.60e A 23
2 +24 ,>/4 + 6 to + lOa +3/32 0.70 1.84 A 13
F4 3.10
3 -59ho-62~ +24 7/8 +5/32 1.13 none 29
4 -74 7/8 - .3to-4 5/8a -3/32 2.32 none 30
1 :"24 .3/4 -2 1/8to-5 3/8 +3/32 3.40 3.50 A 6
2 +.34ho+.39~ -24 7/8 -3/32 3.40 3.50 A 13
F5 .3 -74 3/4 -8 to - 9 3/4 -3/32 '>.65 none 20 4.11
4 -25 1- -1 5/8to-3 ~ +3/32 .3.81 none 54_
5 -25 1- +12to+14 3/4 ~.3/32 '>.87 none 1B4
L__.
.. •
.. •
·.
,
. '
Gage Nos. : 1,3,5 -N 5
:2,4,6-FS
Static Strain7' Fatigue Strain~'d'
(micro-in/in) (micro-in/in)
Gage No. P=3 k P=81k P=3k P=81k
1 0 - 520 0 - 480
2 0 - 500 -20 - 480
3 0 - 320 -20 - 300
4 0 + 620 0 + 650
5 0 - 875 0 - 825
6 0 +1300 +50 +1300
* Small static strains at P=3 k were set at zero strain.
** Recorded while loads were pulsating at 262.5 cpm .
Table 10 Static and Fatigue Strains; Girder F8, PanelS
".
1
ct.
irder FI Sym. Abo~t Ik. Except .~ / j- t12"x 1"7 "<J' II"xl"7 Beoring of Stiffeners
, ,. , ' . , , ~ ~ '.I, • •
• ~ I •• :~ ~ •I I, ~BWEB 12 VF50 '- 3"x ~4 ~~WEB ~ I, • II (Typ.) (Typ) • rI !{j II ~~" I I• & £ ,6\ &,' ~ , Lt" &.Ll,J]
·
6r
p /2"x I"-.J I II"xl"~ I I 16'3'-4" 3'-4" 3'-4" 21-911 1'-0" 6-3" i 6'-3" 1'-0" 21-911 3'-4" 3'-4" 3'-4"
41~0"
G
r
4'-2"
l
31. 15
I
cr.
irder F2 Sy m. AboJt It Except .~ r / (12"x 1"7 ~ lI"xI'7 Bearing ofl Stiffeners
·
' ) ,
•
! ~ T ~ 'r', I• I • II I :~ ~ I• ~ I• ~8WEB I 12 VF50 1----3"x't.j' 3~6 WEB ~ ~ II - ~~ I I, I (Typ.l (Typ.) • II •
i
I '14 I
I
•
, ~&,. I ,r&." •I\~ & &:, .& q & &, I In., &1
sJp 12"x I".J I lI"xl"~ i I
...
16'3"-4" 3'-4" 3'-4" 2 1-9" I~O' 4~2" 4'-2" 4'-2" I'-d' 2'_911 3'-4" 3'-4" 3'-4"
41'-0"
r
4'-2"
L
G
Fig. 1 Test Girders Fl & F2
I
i
irder F3 Sym. Abo~t It. Except W P12"xl"7 12". 1~~'7 Bearing of1SHffeners
, 1
! ~ "-41---5". ~ r-3"x~(Typ) (Typ.)
'e'4- ~~~' WEB ';WEB I ~ ~ (Typ.)
i
.... I r~£ tk:. ,1; , & &. r£ It, ~, J I
6" P
12".1"~ 12". 1~4j 1 ~
3"-4" 3'-4" 3'_411 21,.9" I~d' 4'-t.1 4'-2- 4'-2" .'-a" 21..9" 3'-1( 3'-4" 3'-4" 16
41~a"
G
p,)
Girders F4 8 F5 1 . W PSym. About <t. Except, 12".1'l-~'''7 12"xl"J" Bearing of Stiffeners
r , ! ~ "--4 '~1r-5".1t2' I.r- 31~x ~41(Typ.) (Typ.) ~
T
~WEB ~WEB I ~ ~ (Typ.) ~I r&. k, I ,1; r &, &.
'X 3/ad 6" p 12"XI5/81~ I
12".1"-1 1
10'-011 21-9" 1'-0"I 4'-2" 4!..2" 4'-2 11 11-0. 2'-g" 10'-0" ff
41~0"
4
10'
Fig. 2 Test Girders F3, F4, & F5
..
p~32~IpF 8 FIr ers 6 7 12"x~8'---"" Sym. About It ~
l , ~
""
~4 . V-5"x ~2' V-3"X~{~
I/ (Typ.) ~ (Typ.) ~8 ~4/' ..... "- 14 ~ ...........
I~~ WEB ,; WEB /4- ~
......
~& ~ i & &.
~ 12"xSJll'----"" I T .1
6' 71-611 11-311 1 4'-2" 4'-2" 4'-2" 1\.3" 7 1-611 16'
31'-0"
:/1.
.Ii
2'-1" ,6'4'-2"4'-2"1'-1"
p
I
5'-0"
,
I~
! &
1'-1"4'-2"
~I~' WEB
12"x I~~---.....
IS"x 1"---'
4'-2"
,I,~ I
6" 21_1 11
Girders FB 8 F9
29'-0"
Fig. 3 Test Girders F6, F7, F8 & F9
Fig. 4 Overall Views of the Test Setups
p
1~
zh
P 101-0" I 201-0" A~ 101--0" I
SHEAR
GIRDERS
V
(k)
M
(k -in)
WIIII~ 1.VlJ/T/I/lJP'I/////II/(//////lfl
.~
~
151-0" ~.71-6'1.:J
p p
zh
,,* -b.
BENDING
GIRDERS
V(k)
M
(k-in)
pp
zh
}j~ I .. I .. I .. ~
- -
V
(k)
BEND. a SHEAR
GIRDERS
M
(k-in)
Fig. 5 Girder Loading Diagrams
\Fig. 6 Web Deflection Dial Gage Rig In Place
___ ~1~21(TYp.) _
II II lO"
(T'yp.) (Typ.)
- 1~2 (Typ.)
..L
15" A II Gages
SR4-AI
a) Girders F3 a F4, Center Panels
1- 1- I- 1- 1-
..
31"
'4 -
(Typ.) _
All Gages
SR4-AI
Fig. 7
b) Girder F7 Panels 2,3,a4
T" " " " 71
_1--3/41(Typ.)
" lO"
-~II ~ All Gages5
5" SR4-ARI
-I--
lO"
I' .L...-
c) Girder Fe, Panel 2
Strain Gage Locations for Selected Girder Panels
120
100
80
P 60(kips)
40
20
o o.!
THEORETICAL
0.2 0.3
V. (in.)
04
Fig. 8 ~ Load-Deflection Cutve, Girder F4
.. .
..
''!
1 I~ CD II I @ " II l: @tl~ ~i !, ~l
= ~ ,l . " r QJ l• ",
1--20·-1
I\.
,....- y y
~
-
5.5 ®- I-
<> 14 <:>
12 ~ 48
'f ~
@
+36
I
10
CD
1- 14.6 - r- 10.8-1
NS only
x = +24.8
I
4
485
32
2 Repairs
Cracks
32
O+----y-------r-------.-------,...£---
o Ix 106
N - cycles
P
(k)
100
Fig. 9 Fatigue Test Results - Girder Fl
..
..
nr II @le bIi II
"
" ~ ®D011
"
.--
....,
II " Q) ®II ' II '- ~
I! ~ I ~
"
III
-. +14
FS
onl y -Y=+16.1
®
5
Q)
4
Repairs 1,2,3
Crocks 1&2 3
P
(k)
100
A A
@} -!.
FS
only 5.8
.0:> < >
..
-- _~I
A A
Y ·v
32
N- cycles
0+------.--------..------.....-.....1..--
o
Fig. 10 Fatigue Test Results - Girder F2
CJ~ ®O0~ hE2J I-J
P
(k)
100
50
·2 3 Cracks
Q)
12.1
X=-47.6
1.5I. 12.2·1~4
@'432
.Repair
O-t------.----r------r-------.--l..--
o Ixl06
N-cycles //
Fig. 11 Fatigue Test Results - Girder F3
..
•
..
- I <§'...I , I j~l -..,., II!e~ JI-' •~ I1 I Lr -~ ,J[GJ tr ! 15110l ij •
®
1.2
X= -67.4
I~4.5 -' _ II
9
®
10.2
1.5
1-2
5.2
12
5.8
CD
3
4 Cracks
N-cycles
123
O+-------r----,----rl---
o Ixl06 2
P
(k)
50
100
Fig. 12 Fatigue Test Results - Girder F4
r.. .
..
..
~ I !~[D@ F!r, II~I ~
0 ® ~. ®~ '., ,..=-,~
X= +29.2
13.5
3.5
CD
182,3,4;5
N-cycles
I
Cracks
50
,P
(k)
100
Fig. 13 Fatigue .Test Results - Girder F5
~~ 162t3.~
~ II
~
f- i. ~CD~ ~.
~ ~ Ii nl® ~'r- ~ ~ I IIn
J. :.- J.L
®
.8
3.8
14.6CD
2
a~:::::::~~---r-­
a
50
P(k) Ia2 3 Cracks
100
N- cycles
Fig. 14 Fatigue Test Results - Girder F6
[D] CDIi l
P
/'(k)
100
50
a
Crack'
2 3xI06
N- cycles
Fig. 15 Fatigue Test Results - Girder F7
4 CD
r •
~~ ~:' II ~I:®:: "'1 :1 ~ "I. "il II II .'II II I'25 :1 12.51: 25 12.51:
,I
'I II 0::11 II Ii @[ "
"[Ii] I' II " "~ / II 'I ""~ t ",
P
(k)
100
50
o 2
N-cycles
X=-85.6
/.. .1
IQ.6 CD
\y=-~.8
\ Y
113.8 4~
@
X=+55.1
J.---;J
6.6 2
Fig. 16 Fatigue Test Results - Girder F8
DII
II
o
o
{Repair 2
b
n
I
D 17
®
®
4
29.8
8.6
4.6
I.. 12 .-1CD
..
@
5.5
y=+ 21.8 ---.... A~~+------,
(j)'" "J5.5
'> "1 2
.... ~2.2
a I 2xl06
N-cycles
50
P
(k)
100 1812 3 4 . 5 6 7 Cracks
Fig. 17 Fatigue Test Results - Girder F9
Compression
(J
(10)
Tension
Compression
(
(I) t
"Tension
(I)
(6)
(9)
t}
)
a) Shear Mode
b) Bending Mode
Compression (2) (2)
(I)
(1 ~b«,f.J t)·o~ c} Com bined Bendingro~~f.J~ a Shear Mode
Tension
Fig. 18 Summary of Crack Locations
0.5 x 106 .. n- cycles
30
a) Girder F4 ,Crack :3 .
. ..
20
1 Crock branches into reb(in)
10 ./_....
"/'
".
./
,,-
/
/
/
0
2.0x 1060 0.5 1.0 1.5
Cycles After Crack Initiation (n)
1,
(in)
,. b) Girder F6, Crack I Legend:10 Near Side
- - - -- For Side
,l c) Girder F9, Crack I
(in)
10
O+---...J~---r--~-----
o 0.5 x 106 n- cycles
Fig. 19 Crack Growth Curves - Girders F4, F6, & F9
..
. (+)
~ .. €:, ..I
Surface
2
Stra in Gages
(+)
~ ..I
( E:, + £2 )
2
Membrane
+
€,-t2
- ( )2
·11
l-J
(€'~€.2 )
Secondary
Bending.
. ·Fig.20 . Components of Surface Strain
@@
71 71
®~
..
Strain Gage Rosette Locations
Girder F5
Panel 4
Legend:
Measured
Beam Theory - - --
o-+------,-----r--
O. 4 8 (f'x (ksi)
50
Norma I Stress
P(k)
100
0+------.----.--
o 4 8 ~ (ksi)
50
P
(k)
100
50
o-+---r-----r-...,....--- O.:J---..,.----r------
o 4 8 r (ksi) 0 4 8 '1: (ksil
50
P
(k)
100
Fig. 21 Web Membrane Stresses ~ Girder F5
r r h: r r
-@ ®
-@)----
..
Go ge Locations
Girder F7
Panel :3
Q)- Legend:
'---------' Measured _!--_
Beam Theory - - - -
4 ox (ksi)
Gage@
o-{)----,..---,.---
o
40
P
(k)
80
-12 OX (ksi)
/
/
/
Gage ®
-8-4
04---,.....----r---r----
o
40 40
Gage@
0 IOX (ksi) I ax (ksi)0 -4 -8
P P( k) (k) Mc/I=O
'"
'"80 / 80/
40
p
(k)
80
Fig. 22 Web Membrane Stresses - Girder F7
Girder F9
Panel :3
Load 80k
~~r~\V
L
.~
>J,
~~~ ~~-======
~~
#
,
I
Ilit
..
Scale: I
o
I ,
10 20 ksi
Legend:
•
..
~ Tensile Principal Stress
Compression Principal Stress
Beam Theory Indices
Fig. 23 Principal Web M bem rane Stresses - G" dlr er F9
I X lOS 2 3 4
N-CYCLES TO CRACK OBSERVATION
2. 7&
•
•
• •3.
• •
•
•• • ••
• •
-en
~
-Cf)
Cf)
LU
a:
• til5
LU
~
Cf)
z
LUrot-
~
~
(.)
5z
a:Q.
X
cd:
~ 0
0
• •
10--
•
, •20. 50-
• ~s::• • 70+
• 30+
-'0
~
-Cf)
Cf)
LU
'. a:
til5
LU
~
Cf)
Z
LU 10t-
~
~
(.)
z 5
a:
Q.
• •
5. I.
4. S. 10-
•
2. 7.
•
.. • 5• 2~o.
3. • • • 3s:• •
• •
70+
• •30+
•• • ••
• •
Fig. 24
X
cd:~0+-----r--~---r----r---.--r-r'T"""T"----.---Y----r--.-r-
I x 105 23 4 5 7 IxlOs 2 3 4 5
LOG N -CYCLES· TO CRACK OBSERVATION
Legend:. Approx. zero to maximum load
: • ~2 maximum to maximum load
• ~3 maximum to maximum'load;
20+ No crack i crack at corresponding
point at higher stress
i,
Beam Theory.Principal Tensile Stressv.s. Cycles to Cracks eN)
."
"
'..
/.-~-::::-=. -::.~=.:.: --::: .... ,
/ ;' /-------- ',',
I I I ~ - - - - - -..... , ,
1/// ..... -_--- '\'\\,
'11\1 ;, JI\J
"\ ,.".' / I /
, I \ \ '~.15--"'" .....~ ,,',
, \ \ \ --'...... ,,'" // /
\ I I I 12..... ...... / ,
I I I v""-' .... _---_"'/ _.,,;/
1 1 1..,,_.09 _..... -
: ',,,,/ .064": ... --
I I,,, //.03'
,'v' " .,
\ \ / \
\ V \
\ \
\ \
\ \
\ "...... \
I / " .........--------
I I "/ ' (-, ........ __ ...... ---- ...... .,
I t -.09' _.-----
\ ".06...... ...----
' ..... _ .03- -- --------
____.03 _// _--.06-_____ ...........
r /--.09---__ -, ,
/ I" /- -.12--_ ..... -, \ I
I /11 _-.15_...... ' \ \ I
I I I / ".18_ " '\ ) , I 0
I I I I // )" ;' /
\ I I I I ,-_- ,,/ ,,' "
\ ,\ \ \ --_ .-/// / /
I \ \ \ - .- // ,,"
\\\\,., ...... _-,., .....
\ \ \ - /""'::' -,"'-:::-_/
, ",." /' . ,,"
'\ ',,// /~-
\ /'
I ,
I 1
I \
I "I '\I /_ ............ , ' .......03-------.- ...........
I' ,. ---", "I ..... 06 _-- .,,_-'"I , . - / ..... - ,,-
\ \ _----- I\,'-- --//
---------
P = 4 kips
LOAD NO.2
P = 36 kips
LOAD NO.4
P = Pmax = 72 kips
LOAD NO.6
Fig. 25 Web Deflection Contours, Girder F5, Panel 4
'.
'.
r - " __ - - -.os.. _
I ...... -_---- _.06 _- .....
"..... __ - :;:-_.09:: 'I, ......... _---_-:,.-----.12-_ ,\/ _ - '" __ -.15_ , \,
, I """'" - .18_ ...... "\
I" ' ... _" ,,'" .,"','" ,.--.21_- " \,\
I' / '" '" ",'" ",- _-.24- - , ...., \\'
/, '" ",'" / ". '" " \\ 'I" (/ ( I / ",-.27_ .... \ ,1\'
" , \ I ,,( { .....", '\ \ : 1111
'II \ \ ,\ \, I \, \ I dll
I,I \"" ..... ;.. " \ I 1,1111
I I , ' ... ' ....",", ' ",1 / 1,11/1'\ ---_, ' ... -- - .... .::------ - 1111'1I' - '-":...... __: ----_--::-:-:.--:.:"'" /II,
,I "' ::=::-:..~::.-:.._:..-:..--)//I
,I , _-------"::::.-:.-::=::.- ...--"
\ I '" 0 ... " ..... _\~/ ~~"~I
p =0 kips
LOAD No.1
- _-------.&l----- ....
,I ' ...... __ -- _--';:-=',09:::::-- ..... ',
_ - ...... " - .12_ -. '" ......
'r.... ",.",," ."., ..... ---.15_ " \I, ...... .." , ..,.,.",..--.18-_ ,'\
" ..... _...... ",,""" / ...... -.21-_ " \\
'" '" /" //-.24_ ',,,,,, III ' //'" ,.I' /",'" / _-.27-::.. .... " "\\11
, "'(" /"'/ // -30--"""\ \
'I r ---/ 111/((-' ')\\\\111,'
'd , I I I I , ----- 1\\\11111
I , , ,\ \ , \ 1'111,1
I I' t I I \ \ " 1 J 1'/1,,1
I II \ , , .... '- " 11 1/1'1 1
I " , ,,- --- '"/ I 'I1\
-- , --------- ""/'I - - - - - ~ - - - - --" I II - ..... -":::---:.--:.:-.:::::::::_/11"
II _---_ --_===: --- I,
I, - -------- --jl
" ~-----------~-_~II I /' 0" I\~ cc?5'~1
p= 45 kips
LOAD No.5
p = 90 kips
LOAD No.8
.. -;-==:_---:-
1\ /; .......... "":.~=~_ ................ '
I \ 1/,,, _---':::'" "
, I II '" / ,. - - - - ",,,,, \ \
I I , 11/ / - - - - ~ ,,'
, I '/'/
"
''/----",,\\1
I' /111~/11"'-::::..... ,,"~,"\\1
'\ " "1/ ~ II ' / '" , " ,\\11\ \
, \ ,,'" ",.I' 11/11/'1 (--- .....\'\\1'1,"
,r, '__ "" /'11//1\ ", ', 11"'1 11
" \ ,,/ '" /1111\", ......33I,'~111111
'I .... '" /' I" \ \ ,........ 1 / ",1, "
, -- '" '" I \" , ......3Ot I ,I,',, (( ,,'"- "I','
, "'" ',,, "_ _.27-_""/1, ,I ...... - _---.24-,,,,/
I I ---- ":::.- --:"~='~18"""'; 'II'I . - ----.15---'/
I , __ - - - - _ :':"::_=_~='8f~2_-:.:,tI,
" -- -----------'.03..... -, I,\ \,/ _ - 0 " J I
\'./ ~03 '_"
,\
, "
"'"
'"
Fig. 26 Web Deflection Contours, Girder F7, Panel 4
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Fig. 27 Web Deflection Contours, Girder F9, Panel 3
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Fig. 28 Secondary Bending Stresses in the Web From Measured Strains
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